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1.0  INTRODUCTION  AND  EXECUTIVE  SUMMARY 


The  Intensified  Charge  Coupled  Device  (ICCD)  has  the  po- 
tential of  becoming  a very  attractive  detector  for  many  space 
applications  due  to  its  extremely  high  sensitivity,  small  size, 
ruggedness,  low  power  requirements,  absence  of  lag  and  suit- 
ability for  use  with  a digital  data  processing  system. 

The  ICCD  utilizes  a CCD  array  to  detect  electrons  which 
are  emitted  from  a photocathode,  accelerated  by  an  electric 
field  and  imaged  onto  the  CCD  which  is  inside  the  vacuum  tube. 
Actual  measurements  with  an  ICCD  demonstrated  single  nhoto- 
electror.  detection  with  a high  signal-to-r.oise  ratio.  However, 
prolonged  exposure  of  the  CCD  to  electrons  from  the  front  side 


of  the  array  produced  severe  degradation  of  CCD  performance  (in- 
creased dark  current  and  decreased  sensitivity) . The  lifetime 
of  the  ICCD  was  identified  as  a critical  issue  and  is  the  sub- 
ject of  the  present  study. 

In  order  to  understand  the  electron- induced  damage  and  in- 
vestigate possible  methods  of  extending  the  lifetime,  extensive 
measurements  have  been  carried  out  using  the  Fairchild  CCD202 
array  (100  x 100  pixels). 

Measurements  of  pixel  dark  current,  electron  sensitivity, 

and  light  sensitivity  have  been  made  as  a function  of  electron 

fluence  at  electron  energies  of  18  keV  and  15  keV  with  the 

array  at  room  temperature  and  at  18  keV  with  the  array  at  0°C. 

Severe  increases  in  dark  current  and  reduction  in  electron  sensi- 

6 7 

tivity  were  observed  at  electron  fluences  between  10  and  10 
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electrons  per  pixel.  In  addition  to  damage  to  pixels  within 
the  electron  spot,  vertical  streaking  occurred  at  very  high 
electron  fluences. 

In  an  effort  to  extend  the  lifetime  of  front  irradiated 
CCDs,  parameter  studies  of  the  effects  of  electron  energy,  temp- 
erature of  operation  of  the  ICCD,  clock  voltages,  pixel  to  pixel 
variations,  and  thermal  and  radiation  annealing  were  performed. 

Even  though  there  were  slight  trends  in  the  amount  of  dam- 
age as  a function  of  electron  energy  (15  keV  vs.  18  keV) , temp- 
erature of  the  array  (0-25°C),  and  clock  voltaqes,  the  improve- 
ments were  insignificant  in  extending  the  lifetime  of  the  front 
irradiated  ICCD. 

In  order  to  try  to  alleviate  the  electron-induced  damage, 
several  methods  of  annealing  were  investigated:  thermal,  ultra- 
violet (UV)  radiation,  and  electron-bombardment.  Some  recovery 
was  achieved  by  thermal  annealing;  however,  prolonged  baking  at 
high  temperature  (approximately  4 hours  at  300°C)  was  necessary. 
This  method  does  not  appear  practical  for  recovery  of  an  ICCD 
tube.  The  UV  radiation  and  electron  bombardment  were  unable  to 
produce  any  significant  recovery  of  a damaged  CCD. 

The  measurement  program  indicated  that  the  total  photoelec- 
tron count  capability  of  the  front-illuminated  Fairchild  CCD202 
was  approximately  10^  electrons  per  pixel,  which  corresponds  to 
a lifetime  of  about  10  hours  in  normal  operation.  Viewing  the 
sky  in  close  proximity  to  the  sun  or  direct  viewing  of  the 
moon  or  earth  would  significantly  reduce  the  detector  lifetime. 
Obviously,  any  sensitive  detector  should  be  protected  against 
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such  exposures. 

The  present  study  indicates  that  the  only  technique  that 
could  significantly  extend  the  lifetime  of  the  present  version 
of  the  front-illuminated  Fairchild  CCD202  appears  to  be  sequen- 
tially utilizing  different  areas  of  the  CCD  as  the  array  is 
damaged.  This  is  possible  because  no  significant  horizontal 
blooming  of  the  damaged  region  was  observed.  By  using  differ- 
ent horizontal  segments  of  the  array,  the  lifetime  could  be 
extended  by  possibly  a factor  of  ten  for  normal  operations.  Also, 
it  would  preclude  the  detector  being  blinded  by  a single  over- 
exposure, except  when  the  last  good  segment  is  in  operation. 

The  use  of  radiation  hardening  techniques  in  the  fabrica- 
tion of  the  array  may  be  able  to  extend  the  lifetime  of  a 
front-illuminated  CCD  by  a factor  of  100.  While  this  effect 
is  insufficient  by  itself  to  produce  an  adequate  lifetime,  used 
in  conjunction  with  other  techniques  (such  as  segmenting  the 
array  or  rear  illumination)  it  would  provide  an  added  safety 
margin. 

In  addition  to  the  measurements  described  above,  a survey 
of  other  electron-bombardment  data  was  made.  The  most  signifi- 
cant data,  although  somewhat  difficult  to  interpret,  indicated 
that  the  lifetime  of  a rear-illuminated  TI  100  x 160  array  may 
be  four  orders  of  magnitude  longer  than  that  observed  for  the 
front-illuminated  CCD202.  It  is  recommended  that  the  availa- 
bility and  applicability  of  rear-illuminated  CCDs  be  investigated 
further. 
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2.0  ELECTRON  DAMAGE  MEASUREMENTS 
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2 . 1  Measurement  System  and  Array  Description 

2.1.1  Measurement  System 

In  order  to  study  electron  damage  in  electron 
irradiated  CCDs,  a system  was  required  that  produced  an  electron 
beam  impinging  on  the  CCD  which  is  controlled  in  energy,  flux 
density,  and  spatial  distribution.  The  system  also  must  pro- 
vide for  CCD  operation  and  for  data  collection,  analysis,  and 
storage.  In  this  system  three  major  elements  can  be  described: 
ll)  a unique  Digicon  tube  which  can  be  disassembled  for  access 
to  the  CCD  array;  (2)  a microprojector  capable  of  imaging  a UV 
spot  of  known  shape  at  any  position  on  the  Digicon  photocathode ; 
and  (3)  the  CCD  operating  system  and  microcomputer  data  handling 
and  storage  system.  Figure  1 shows  the  system  in  block  diagram 
form. 

2. 1.1.1  Demountable  Tube 

The  SAI/EVC  Digicon  imaae  intensifier 
tube  design  is  the  basis  for  the  demountable  tube  used  in  this 
system.  This  tube  is  approximately  7 cm  in  diameter  and  20  cm 
long;  a schematic  is  shown  in  Figure  2.  Figure  3 is  a conven- 
tional "non-demountable"  Digicon.  Rather  than  being  a perman- 
ently sealed  device,  the  tube  for  this  test  had  a removable 
photocathode  faceplate  and  a removable  header  on  which  the  CCD 
array  was  mounted. 

The  body  of  the  tube  consists  of 
identical  electrode  rings  sealed  to  tubular  glass  spacers  and 
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qure  1.  ELECTRON  DAMAGE  SYSTEM  BLOCK  DIAGRAM 


Fitjure  3.  CONVENTIONAL  "NON-DEMOUNT ABLE"  DFGICON 


interconnected  with  a resistor  divider  to  cause  a uniform  field 


gradient  along  the  tube.  The  tube  is  encapsulated  to  prevent 
interelectrode  arcing. 

The  faceplate  has  deposited  on  its 
inner  surface  a palladium  photocathode.  A palladium  photo- 
cathode can  be  exposed  to  ambient  air  without  damage,  but  the 
work,  function  (4.97  eV)  requires  an  exciting  wavelength  shorter 
than  248  nm  for  photoemission. 

The  faceplate  is  attached  to  the  tube 
body  with  a screw  clamp  and  a rubber  gasket.  The  glass  tube 
passing  through  the  faceplate  is  for  attachment  to  the  vacuum 
pump;  because  the  seal  is  not  perfect  the  tube  is  pumped  con- 
tinuously during  operation.  Pressures  of  10-^  torr  are  readily 
achievable . 

The  header  is  also  attached  with  a 
screw  clamp  and  rubber  gasket.  It  is  a conventional  Digicon 
header  for  linear  Reticon  arrays;  in  place  of  the  Reticon  array 
is  a 24-pin  DIP  socket  for  the  CCD202  array.  The  socket  has 
been  cut  away  to  allow  for  a copper  block  which  provides  thermal 
conductivity  from  the  array  to  the  header.  Figure  4 is  a photo 
of  the  header  with  the  CCD202  in  place.  In  test,  a conductive 
shield  covers  all  but  a small  portion  of  the  array  to  provide  an 
unbombarded  "virgin"  region  of  photosites  and  to  protect  array 
electronics  which  are  exposed  at  the  periphery  of  the  sensitive 
area . 


2-5 


» - 'HHm 

Iflk 

EL  •■  Ny 

*v  ■ s^jSoj 

SBMr,- 

I *>D  /|Wj 

; 1 _ _ ’’■■■mil  1 1 

The  assembled  Diaicon  is  inserted 
into  a solenoid  coil  which  provides  an  axial  magnetic  field 
to  focus  the  cathode  image  onto  the  array.  The  field  required 
is  a function  of  the  accelerating  voltage  and  for  this  solenoid 
0.76  amp  was  used  to  focus  at  18  kV. 

A set  of  deflection  coils  in  quad- 
rature produces  a field  normal  to  the  axial  field  to  shift  the 
image  on  the  array.  This  permits  moving  the  electron  image 
without  changing  the  excitation  point  on  the  photocathode. 
Deflection  sensitivity  is  approximately  12  microns/mA.  Because 
of  this  high  sensitivity  regulated  supplies  are  used  and  are 
monitored  continuously. 

2. 1.1. 2 Microprojector 

The  microprojector  light  source  con- 
sists of  a low  pressure  mercury  discharge  lamp  which  illuminates 
and  adjustable  pinhole  aperture.  A microscope  objective  images 
the  aperture  onto  the  photocathode.  To  achieve  transmission  of 
the  UV  wavelengths  a Beck  15X  totally-reflecting  objective  is 
used;  this  objective  also  has  the  advantage  of  a long  workina 
distance  from  the  photocathode.  These  oojectives,  however,  do 
not  provide  as  high  an  image  quality  as  a glass  objective  and 
are  very  sensitive  to  misalignment. 

Lens  systems  designed  for  focus  in 
air  will  show  spherical  aberration  when  required  to  focus 
through  a quartz  plate  such  as  the  photocathode  substrate.  Ray 
tracing  of  this  lens  design  showed  that  this  effect  could  be 
cancelled  by  moving  the  pinhole  aperture  to  30  cm  from  the  ob- 
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jective.  In  practice  the  image  aberrations  are  larger  than  ex- 
pected and  are  probably  due  to  the  objective  itself  (see  Section 
2.2.3). 

The  net  magnification  is  0.056;  thus 
a 1 mm  diameter  aperture  forms  a 56  micron  image  on  the  photo- 
cathode, slightly  larger  than  a CCD202  transfer  region. 

Focus  is  controlled  by  a fine  adjust- 
ment device  at  the  objective.  The  high  numerical  aperture  of 
the  objective  ensures  that  direct  illumination  of  the  array  is 
negligible  due  to  the  rapid  divergence  of  the  beam.  This  is 
confirmed  by  the  total  lack  of  an  observable  signal  from  the 
CCD  when  the  accelerating  voltage  is  removed.  Rack  and  pinion 
motions  are  provided  to  shift  the  entire  microprojector  to  move 
the  image  on  the  photocathode,  but  these  are  coarse  motions  only 
and  fine  adjustments  are  accomplished  with  the  Digicon  deflec- 
tion coils. 

The  pinhole  is  provided  with  a mechani- 
cal sllutter  so  that  the  illumination  may  be  turned  on  and  off 
without  having  to  start  and  stop  the  discharge  lamp. 

Figure  5 is  a photograph  of  the  pro- 
jector objective  at  the  correct  position  with  respect  to  the 
photocathode. 

A small  tungsten  filament  lamp  is 
mounted  on  the  objective  to  provide  direct  array  illumination 
for  the  dual  purposes  of  obtaining  the  array  saturation  level. 
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and  for  testing  the  array  sensitivity  to  visible  light  during 
electron  damage  tests. 

2. 1.1. 3 Data  Acauisition  System 

The  data  acquisition  system  consists 
of  the  SAI/EVC-designed  video  control  unit  and  EMM  System  80 
microcomputer.  Modif ications  have  been  made  based  on  our 
previous  experience  and  on  the  anticipated  need  in  this  program 
for  the  efficient  and  rapid  manipulation  and  storage  of  large 
amounts  of  data. 

The  success  of  this  experimental  pro- 
gram is  due  in  large  part  to  the  availability  of  this  equipment 
in  providing  the  capability  to  record,  for  later  analysis,  the 
simultaneous  performance  of  a large  number  of  pixels,  each  of 
which  is  at  a different  location  on  the  electron  spot  flux  con- 
tour. A photograph  of  this  system  is  shown  in  Figure  6. 

Only  minor  modifications  were  required 
to  the  video  control  unit.  These  consisted  of  improving  the 
high  frequency  signal  circuits  by  increasing  the  frequency  re- 
sponse and  improving  the  impedance  matching  in  order  to  improve 
the  signal  waveform  fidelity  between  the  CCD  chip  and  the  analog 
to  digital  converter. 

The  major  modification  to  the  computer 
system  was  the  addition  of  a 5 megabyte  magnetic  disk  drive  and 
controller  for  mass  data  storage  and  retrieval.  The  disk  drive 
is  a Caelus  model  8513  provided  by  EMM. 
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WRITE  and  READ  instructions  to  the 


disk  are  now  included  in  our  command  software,  so  that  as  part 
of  a command  sequence  data  can  be  written  to  or  read  from  the 
disk  directly  into  the  data  buffer  blocks  of  the  computer  memory. 
Data  retrieved  from  disk  storage  can  be  manipulated  by  instruc- 
tions available  in  our  command  software  or  by  instructions 
programmed  in  BASIC  language.  For  example,  during  an  electron 
damage  test  an  instruction  sequence  can  be  written  such  that 
with  a single  key  command  the  system  will  input  and  sum  a preset 
number  of  data  frames,  subtract  the  original  background  leakage 
current  and  write  the  resulting  data  array  on  the  disk  with  a 
sequential  file  number  for  later  retrieval. 

Frame  summation  and  background  sub- 
traction can  be  performed  up  to  a frame  size  of  8192  pixels. 

The  system  also  has  the  capability  of  inputting  (without  summa- 
tion or  background  subtraction),  writing  to,  and  reading  from 
the  disk  frame  sizes  of  up  to  32,768  pixels. 

In  the  summation  mode,  successive 
frames  cannot  be  accepted  because  of  the  time  required  between 
successive  frames  for  the  computer  to  perform  the  pixel-by-pixel 
addition.  In  this  (32K  frame)  mode  successive  frames  can  be 
accepted  up  to  a total  of  32K  pixels  so  as  to  record  transient 
events.  This  is  possible  because  the  particular  array  of  pixels 
on  the  CCD  is  set  independently  of  the  computer  frame  size,  and 
the  computer  will  accept  pixel  data  until  its  frame  size  is 
satisfied.  Thus,  for  example,  an  array  of  1000  pixels  can  be 
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recorded  on  32  successive  camera  frames  before  one  computer 
frame  is  completed.  The  data  are  stored  sequentially  on  the 
disk,  and  can  be  later  analyzed  for  transient  phenomena.  This 
mode  has  been  used  to  obtain  data  of  a target  image  being 
scanned  across  the  CCD  array. 

Additional  changes  to  the  computer 
system  include  substitution  of  an  LSI-ADM-3A  CRT  terminal  in 
place  of  the  printing  terminal  used  previously  and  replacement 
of  core  memory  with  semiconductor  memory. 

2.1.2  Array  Description 

The  Fairchild  CCD202  is  a CCD  area  image 
sensor  providing  10"*  photosites  arranged  in  an  array  of  100 
horizontal  lines  and  100  vertical  columns.  The  photosites 
(pixels)  have  dimensions  of  18  pm  horizontally  and  30  um 
vertically  and  are  located  on  40  um  horizontal  centers  and  30 
um  vertical  centers.  The  overall  dimensions  of  the  image  sens- 
ing area  are  4 mm  by  3 mm. 

The  sequential  readout  of  the  pixels  is  accom- 
plished by  transfer  of  the  accumulated  pixel  charge  through 
photogates  into  the  100  vertical  (column)  shift  registers,  each 
located  in  the  22  ym  wide  space  adjacent  to  its  respective  pixel 
column.  One  horizontal  shift  register  accepts  and  transports 
the  outputs  of  the  column  registers.  Electrical  clocking  of  the 
photogate,  the  vertical  shift  registers,  and  the  horizontal 
output  register  sequentially  delivers  the  charge  packets  to  the 
charge  integrator  for  conversion  to  an  analog  voltage  output 
signal.  The  vertical  shift  registers  each  have  50  elements  but 
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serve  100  pixels;  the  data  are  read  out  in  two  sequential  inter- 
laced fields  comprised  of  alternate  horizontal  lines. 

In  the  conventional  photon  imaging  mode,  image 
photons  pass  through  a transparent  polycrystalline  silicon  gate 
structure  and  are  absorbed  in  the  single  crystal  silicon  produc- 
ing hole-electron  pairs.  The  resulting  photoelectrons  are 
collected  in  the  photosites  during  the  integration  period.  The 
amount  of  charge  accumulated  is  a linear  function  of  the  incident 
illumination  intensity  and  of  the  integration  period.  The  output 
signal  voltage  ranges  from  a thermally  generated  background  level 
in  the  absence  of  illumination  to  a maximum  at  saturation. 

In  the  electron  bombardment  mode  employed  during 
these  tests  the  incident  electrons  generate  one  hole-electron 
pair  for  each  3.6  eV  deposited  in  the  silicon.  Gain  is  realized 
by  the  use  of  high  energy  (15  keV)  electrons.  Some  of  the 
electron  energy  is  absorbed  in  the  layers  overlying  the  single 
crystal  volume:  these  layers  are  tabulated  in  Table  1.  The 
shift  registers  are  protected  from  the  electron  beam  by  a layer 
of  deposited  aluminum. 

The  performance  of  the  device  (saturation  level, 
degree  of  uniformity  of  photon  sensitivity  across  the  array,  etc.) 
is  highly  dependent  on  the  voltage  values  of  the  positive  and 
negative  peaks  of  the  various  clock  voltages  applied.  The  opti- 
mum values  vary  from  unit  to  unit  due  to  manufacturing  tolerances 
and  are  adjusted  experimentally  for  best  performance.  Optimum 
values  of  the  clock  voltages  (especially  <j>p , the  photogate  clock) 
have  been  found  in  previous  work  to  vary  with  the  degree  of  elec- 
tron beam  induced  damage. 
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TABLE  1 

THICKNESS  OF  MATERIAL  OVER  PHOTOSITES  IN  CCD202 

There  are  three  regions  over  each  photosite: 

Percent  of  Area 

Region*  Material  Thickness  (van)  of  Photosite 


Dielectric 

0.15 

1 

Polvsilicon 

0 .35 

29% 

Dielectric 

0.7 

2 

Same  as  region 

1 

plus : 

Polysilicon 

0.35 

3 4% 

Dielectric 

0.35 

3 

Same  as  region 

2 

plus  : 

Polvsilicon 

0.35 

37% 

Dielectric 

0.35 

Shift  registers  (vertical)  have  all  above  layers  plus  1.2  urn 
Al. 


*only  thicknesses  were  obtained  from  manufacturer;  geometry 
not  specified. 
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2 . 2 Experimental  Procedures 

2.2.1  Electron  Beam  Damage  Measurements 

In  a damage  test  run  the  leakage  current, 
photoelectron  responsivity , and  the  visible  light  responsivity 
were  recorded  as  a function  of  time  for  each  pixel  in  an  array 
of  pixels  centered  on  the  electron  spot.  Each  pixel  was  sub- 
jected to  a different  electron  flux  level  and  therefore  damaged 
at  a different  rate. 

Preliminary  setup  requires  the  positioning  and 
focusing  of  the  electron  spot  on  the  array  at  a location  on  the 
array  away  from  where  the  damage  data  was  to  be  taken.  Thus  the 
unavoidable  array  damage  during  experiment  setup  was  not  super- 
imposed on  the  later  test  data.  Final  spot  positioning  was 
accomplished  using  the  Digicon  deflection  coils. 

Also  at  this  time  the  array  saturation  level 
was  determined  by  flooding  the  array  with  visible  light  of 
controlled  variable  intensity.  This  was  to  verify  that  the 
saturation  was  within  the  dynamic  range  of  the  video  control 
unit  and  the  computer.  These  data  also  permitted  the  analysis 
of  the  damage  data  to  be  expressed  in  terms  of  the  array 
saturation . 

The  initial  leakage  current  measurement  of  each 
monitored  pixel  was  loaded  into  the  computer  background  buffer. 
This  reference  level  was  subtracted  from  the  data  during  the 
test.  The  data  stored  on  the  disk  was  the  variation,  due  to 
electron  damage,  from  this  reference  level. 

During  the  test,  sets  of  data  were  taken  at 
intervals  of  several  minutes.  The  intervals  were  determined  by 
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the  experimenter  from  the  rate  at  which  the  damage  was  occurring. 
The  interval,  therefore,  varied  during  a test;  common  values  were 
2 to  5 minutes.  A set  of  data  consisted  of  the  following,  taken 
in  rapid  sequence: 

1.  leakage  current;  UV  lamp  shutter  closed 

2.  leakage  plus  photoelectron  signal;  UV  lamp  shutter  open 

3.  leakage  current;  UV  lamp  shutter  closed 

4.  leakage  plus  visible  lamp  signal;  UV  lamp  shutter  closed, 
tungsten  lamp  on 

During  data  reduction  the  arithmetic  mean  of  the 
two  values  of  the  leakage  current  obtained  in  step  1 and  3 was  used. 
Since  the  initial  leakage  value  was  subtracted  from  the  data,  this 
mean  was  the  leakage  caused  by  the  electron  fluence. 

This  mean  leakage  value  was  subtracted  frcm  data 
(2)  and  (4)  to  obtain  the  photoelectron  responsivity  signal  and 
the  visible  lamp  signal,  respectively.  The  photoelectron  signal 
was  typically  small  compared  to  the  leakage  current.  The  varia- 
tions from  frame-to-frame  in  the  leakage  current  and  the  leakage 
increase  due  to  damage  during  the  photoelectron  measurment  can  be 
significant  compared  to  the  photoelectron  signal  and  caused  the 
larger  scatter  in  the  photoelectron  responsivity. 

The  UV  lamp  was  operated  from  a DC  source  to 
prevent  fluctuations  due  to  the  lamp  AC  frequency.  Attempts  to 
operate  the  lamp  at  a high  frequency  were  abandoned  due  to  exces- 
sive noise  on  the  light  output.  Operated  in  the  DC  mode,  the 
lamp  current  was  monitored  continuously  and  the  lamp  polarity 
reversed  periodically  to  reduce  the  DC  aging  effects.  The 
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constancy  of  the  photoelectron  signal  on  the  medium  flux  pixels 
indicates  that  the  lamp  is  adequately  stable.  The  signal  on 
the  high  flux  pixels  varied  due  to  responsivity  damage  and  on 
the  low  flux  pixels  due  to  variations  in  the  leakage  current 
and  the  small  signal  compared  to  the  finite  resolution  of  the 
analog-to-digital  converter. 

All  data  were  taken  summed  over  10  frames  of 
the  CCD  and  all  flux  data  are  given  in  those  units.  They  have 
been  left  in  units  of  10  frames  to  provide  a basis  for  under- 
standing the  magnitude  of  the  statistical  uncertainty  of  the 
data. 

2.2.2  Electron  Flux  Calibration 

To  establish  the  relation  between  the  computer 
signal  in  digital  units  to  the  number  of  photoelectrons  per 
pixel  per  frame,  pulse  height  analysis  was  used.  A separate 
multi-channel  pulse  height  analyzer  was  used  to  examine  the 
amplitude  of  the  video  pulse  height  from  a single  pixel  for  a 
large  number  of  frames. 

Comparison  of  the  outputs  of  the  two  instruments 
for  two  known  conditions  of  zero  (leakage  current)  and  half  scale 
illumination  by  a tungsten  lamp  provided  the  scale  of  the  number 
of  analyzer  channels  per  computer  digital  unit. 

The  system  was  then  operated  at  a sufficiently 
low  level  of  UV  illumination  that  a large  number  of  the  CCD 
frames  contained  only  one  photoelectron  on  the  monitored  pixel. 
This  "singles"  peak  was  resolved  from  the  zero  signal  noise 
peak  in  the  analyzer.  The  number  of  analyzer  channels  between 
the  background  peak  and  the  singles  peak  represented  the  signal 
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due  to  one  photoelectron.  Because  the  correspondence  between 
analyzer  channels  and  computer  digital  units  was  previously 
measured,  photoelectrons  per  digital  unit  was  obtained. 

By  this  method,  at  18  kV  accelerating  voltage, 
the  calibration  of  1.18  photoelectrons/digital  unit  was 
established. 

To  determine  the  calibration  at  18  kV  a compar 
son  was  made  of  the  same  UV  spot  under  both  15  kV  and  18  kV 
acceleration.  The  results,  in  digital  units,  ever  a 10-pixel 
array  is  shown  in  the  following  table: 

Digital  Units* 

Column  59  60  61  62  63 

line  16  9,(2)  86,(13)  99,(35)  42,(16)  2,(0) 

line  17  5,(4)  42,(9)  77,(25)  18,(9)  5,(3) 

* In  parenthesis  15  kV 

No  parenthesis  13  kV 

The  central  six  pixels  only  were  used  here 
because  the  low  level  signals  on  the  outer  pixels  can  have  high 
fractional  errors  due  to  digitization  resolution  and  leakage 
current  variations. 

Since  the  electrons/second  are  identical  for 
the  two  voltages,  we  can  calculate  for  each  pixel  the  electrons 
digital  unit  at  15  keV  by  equating  the  electrons  arriving  per 
unit  time  in  each  case. 

Using  six  central  pixels,  the  mean  value,  cal- 
culated by  weighting  each  value  by  the  inverse  of  its  variance, 
was  calculated  to  be  3.61  photoelectrons/digital  unit  at  15  kV. 
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2.2.3  Electron  Beam  Spot  Contour 

The  photoelectron  spot  pattern  on  the  CCD  is  a 
convolution  of  the  effects  of  the  aberrations  of  the  UV  micro- 
projector lens,  any  focus  errors  in  that  lens,  and  in  the  Digicon 
magnetic  lens. 

Since,  in  general,  the  system  was  moved  and 
refocused  for  each  damage  run,  the  spot  contour  was  not  constant. 
For  each  run  the  spot  contour  diagram  was  included  with  the  data 
for  that  run  (see  Figures  9,  15  and  23)  . 

The  most  extensive  spot  diagram,  taken  from  the 
18  kV  (20°c)  data,  is  shown  in  Figure  7.  It  is  superimposed  on 
the  array  pattern  of  the  CCD202.  This  consists  of  columns  of 
photosites  30  um  high  by  18  um  wide  with  a 22  pm  non-sensitive 
region  between  the  columns.  This  non-sensitive  region  contains 
the  readout  shift  registers  and  is  covered  by  a layer  of  protective 
aluminum. 

In  taking  the  data  of  Figure  7,  the  photoelectron 
signal  was  typically  very  small  compared  to  the  leakage  current. 

In  addition,  the  leakage  current  changed  (damage  occurs)  while 
the  electron  responsivity  was  being  recorded;  the  array  of 
Figure  8 is  the  leakage  current  pattern,  corresponding  to  Figure 
7,  in  computer  digital  units.  Since  this  pattern  is  superimposed 
on  the  electron  responsivity  data,  the  leakage  alone  is  taken 
before  and  after  the  responsivity  data  and  its  mean  value  sub- 
tracted to  obtain  the  electron  signal. 

In  the  spot  contour  of  Figure  7,  three  values 
are  given  for  each  pixel;  topmost  is  the  digital  units  remaining 
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Figure  7.  Electron  Beam  Spot  Contour 

18  keV,  2 5°C 
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from  the  leakage  current  subtraction  (10  summed  frames) ; middle 
is  the  electron  flux  in  electrons/10  frames/pixel  obtained  by 
the  calibration  of  1.18  photoelectrons/digital  unit;  bottom  is  the 
electron  flux  in  electrons/sec-pixel. 

2 • 3 Electron  Beam  Damage 

Using  the  system  and  techniques  just  described,  damage 
phenomena  were  observed  under  three  basic  conditions: 


1.  15  keV  electrons;  25°C  temperature 

2.  13  keV  electrons;  25°C  temperature 

3.  18  keV  electrons;  0°C  temperature 


Under  these  conditions,  five  effects  were  recorded  for 


analysis : 


1.  change  in  leakage  current  as  a function  of  electron 
dose 

2.  change  in  photoelectron  responsivity  as  a function 
of  electron  dose 

3.  change  in  visible  light  responsivity  as  a function 
of  electron  dose 

4.  damage  effects  in  pixels  not  in  the  electron  beam 
spot  (collateral  damage) 

5.  effects  of  variation  in  clock  voltage 

It  appears  that  three  components  are  present  in  the 
damage  phenomena: 

1.  damage  which  is  dependent  on  the  dose 

2.  damage  which  depends  on  events  in  adjacent  or  nearby 
pixels  (collateral  damage) 

3.  damage  which  seems  peculiar  to  that  pixel,  or  cannot 
otherwise  be  explained 
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In  addition,  damage  which  is  a function  of  the  flux 

I I 

was  looked  for,  but  was  not  seen.  Early  suggestions  of  such  an 
effect  were  apparently  due  to  a problem  in  observational 
selection. 

Five  damage  runs  were  conducted: 

1.  18  keV  electron  energy.  This  test  yielded  preliminary 
leakage  current  data.  Responsivity  data  were  not  valid 
due  to  faulty  experimental  procedures.  Other  phenomena 
were  not  observed. 

| I 

2.  15  keV  electron  energy.  This  test  was  aborted  due  to 
faulty  data  acquisition  system.  No  valid  data  were 
obtained . 

3.  15  keV  electron  energy,  25°C  array  temperature.  This 
repeat  of  the  preceding  test  was  successful.  Valid 
leakage  and  responsivity  data  were  obtained  and  the 
effect  of  variation  in  the  lower  level  of  the  photogate 
clock  voltage,  4>pL  were  observed. 

4.  18  keV  electron  energy,  25°C  array  temperature.  This 
test  was  successful.  Valid  leakage  and  responsivity 
data  were  obtained.  Collateral  damage  in  adjacent  and 
nearby  pixels  was  observed  as  was  the  effect  of  varia- 
tions in  the  $pL  clock  voltage. 

5.  18  keV  electron  energy,  0°C  array  temperature.  This 
test  was  successful.  Valid  leakage  and  responsivity 

data  were  obtained.  i 

Results  from  the  latter  three  tests  are  included  here. 

The  data  are  presented  either  as  a function  of  electron  dose  or 
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of  time.  The  graph  ordinate  scales  are  percent  of  saturation 
of  the  array  as  determined  with  visible  (tungsten  filament) 


light . 


2.3.1  15  keV;  25°C 


The  results  of  the  15  keV  damage  are  presented 
in  Figures  9 through  14.  The  test  was  performed  with  the  CCD 
array  at  room  temperature  and  the  total  duration  of  the  test  was 


76  minutes. 


The  beam  spot  contour  (Figure  9)  is  shown  in 


the  same  format  as  was  done  for  the  beam  contour  discussion  in 
Section  2.2.3.  Data  from  the  central  six  pixels  (lines  16  and 
17,  columns  60  through  62)  are  shown  on  the  subsequent  graphs. 

Figure  10  is  a plot  of  the  increase  in  leakage 
current  as  a function  of  total  electron  dose  per  pixel.  Each 
curve  is  identified  by  the  line  and  column  of  the  corresponding 
pixel.  The  curve  of  17-62  is  coincident  with  that  of  17-60. 

All  curves  show  the  same  general  shape an  initial  drop  followed 

by  a linear  rise  to  a peak,  followed  by  a decline  as  the  pixel 
ceases  to  function.  The  initial  drop  in  leakage  appears  to  be 
a real  physical  phenomenon  and  not  caused  by  experimental  proce- 
cures,  as  it  is  dose  related  rather  than  occurring  simultaneously 
for  all  pi-els.  The  damaqe  peak  was  reached  for  the  two  pixels 
having  the  highest  flux  and  occurred  at  a dose  of  2 to  3x10^ 


electrons . 


The  slight  change  in  slope  on  a given  curve  for 


some  of  the  leakage  current  curves  (example  16-60)  may  be  a 
physical  or  an  experimental  phenomenon,  but  a physical  cause 
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Figure  10.  LEAKAGE  CURRENT  AS  A FUNCTION  OF  FLUF.NCE ; 

] 5 keV,  2 5 °C 


is  suggested  because  it  occurred  in  only  some  pixels  and  not 
simultaneously  in  time  for  all  pixels. 

The  curves  of  Fiqure  11  show  the  photoelec- 
tron beam  signal  as  a function  of  dose.  The  scatter  in  the 
data  reflects  the  difficulty  in  making  the  measurement.  Very 
small  changes  in  the  electron  beam  position  or  intensity  can 
make  large  variations  in  the  measured  signal.  In  particular, 
many  of  the  variations  near  the  end  of  the  test  period  occurred 
simultaneously  and  so  are  considered  to  be  an  experimental  sys- 
tem effect.  Nevertheless,  the  trend  is  toward  lower  responsivity 
at  high  doses. 

Figure  12  shows  the  response  of  the  two  highest 
flux  pixels  to  the  visible  light  tungsten  lamp.  The  variation- 
near  the  er.d  of  the  irradiation  are  real;  all  other  pixels  showed 
constant  output  during  the  entire  time  period.  The  final  re- 
covery of  16-61  is  also  real.  See  the  data  taken  at  18  keV,  0°C 
(Section  2.3.3)  for  more  examples  of  this  type  of  effect. 

At  the  completion  of  the  test,  the  leakage  cur- 
rent and  relative  electron  and  visible  light  responsivity  were 
measured  for  various  values  of  the  lower  level  of  the  photogate 
clock  voltage,  <J>  . This  is  the  clock  voltage  which  was  found 

during  previous  experiments  to  have  the  greatest  effect  on  the 
"field  splitting"  of  the  leakage  current.  In  this  effect  the 
leakage  in  one  of  the  interlaced  fields  becomes  systematically 
higher  or  lower  than  that  of  the  other  field,  and  it  was  found 
empirically  that  this  effect  was  sensitive  to  the  <J>p^  clock 
voltage . 
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COL.  60 


PHOTOELECTRON  BEAM  SIGNAL  AS  A FUNCTION  OF  FLUFNCE 

15  keV,  25 °C 


Figure  12.  RESPONSE  TO  VISIBLE  LIGHT  AS  A FUNCTION  OF  FLUFNCF ; 

15  keV,  25°C 


F 


Prior  to  this  damage  test,  the  clock  voltages 
were  set  to  those  values  which  were  judged  to  give  the  best 
array  performance.  The  optimum  value  for  ipL  was  -0.5  volts. 

The  results  of  varying  $pL  at  the  conclusion 
of  the  test  are  shown  for  lines  16  and  17,  column  61,  in  Figure 
13.  The  leakage  currents  in  the  two  fields  become  more  nearly 
the  same  as  the  voltage  is  decreased  to  more  highly  negative 
values.  The  optimum  value  is  thus  a function  of  dose  and  would 
probably  have  to  be  adjusted  periodically  for  best  performance. 

No  similar  data  were  taken  on  this  pair  of  pixels  at  other  doses, 
but  Figure  14  shows  the  same  phenomena  for  the  two  fields  in 
columns  60,  61,  and  62  which  at  this  time  had  a different  dose. 

No  change  in  the  optimum  * T is  apparent  at  any  dose  except  the 

ir  Li 

high  dose  of  columns  61. 

2.3.2  18  keV;  25°C 

A similar  test  of  electron  beam  damage  was  per- 
formed with  18  keV  photoelectrons . Data  were  taken  over  a larger 
number  of  pixels  so  that  the  effects  on  the  parameters  away  from 
the  immediate  spot  location  could  be  evaluated  (these  data  are 
discussed  in  Section  2.3.4,  Collateral  Damage). 

The  electron  beam  contour,  Figure  15,  is  the 
same  as  was  used  for  the  spot  contour  discussion  of  Section 
2.2.3.  The  leakage  current  (Figure  16,  17,  18),  the  photoelec- 
tron signal  (Figures  19,  20)  and  the  visible  light  signal  (Fig- 
ures 21,  22)  are  presented  in  the  same  format  as  was  used  for 
the  15  keV  data  (although  the  graph  scales  are  different) . 
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Figure  13.  EFFECT  OF  4>pL  ON  TES'r  PARAMETERS 
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The  data  appear  more  erratic  than  the  15  keV 
data.  This  tendency  increased  in  the  18  keV,  0°C  data  (Section 
2.3.3)  . 

As  in  the  case  of  15  keV,  the  pixels  for  which 
the  leakage  current  increased  cease  to  be  responsive  to  photo- 
electrons at  about  10^  electrons  fluence.  The  reason  for  the 
decreasing  leakage  current  in  column  67  is  not  known;  both 
fields  (odd  and  even  line  numbers)  were  affected  in  the  same 
manner . 

2.3.3  18  keV;  0°C 

A second  set  of  damage  data  was  obtained  at 
18  keV  electron  energy  with  the  rear  plate  of  the  Digicon  tube 
maintained  ac  a temperature  of  0°C.  Thermal  contact  to  the  CCD 
array  was  by  means  of  a copper  block  clamped  against  the  back 
of  the  CCD  array  DIP  package  and  soldered  to  the  inside  of  the 
Digicon  rear  plate.  Cold  dry  nitrogen  was  blown  against  the 
rear  plate  to  preclude  condensation  and  the  plate  temperature 
was  monitored  with  a thermistor. 

The  array  was  exposed  to  the  electron  flux  for 
a period  of  59  minutes,  with  data  taken  at  2 minute  intervals. 
The  pixels  exhibited  peculiar  individual  behavior  with  respect 
to  leakage  current,  electron  responsivity , and  visual  light 
responsivity . These  are  shown  on  the  following  set  of  graphs, 
Figures  23  through  28. 

Figure  23  is  the  electron  beam  spot  contour. 

The  flux  at  the  peak  is  1500  electrons/pixel-second,  or  approxi- 
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Figure  15.  PHOTOELECTRON  BEAM  SPOT 
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Figure  16.  LEAKAGE  CURRENT  AS  A FUNCTION  OF  FLUKNCE 
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LEAKAGE  CURRENT  AS  A FUNCTION  OF  FLIJENCE 
18  keV,  2 5 °C 


PHOTOELECTRON  BEAM  SIGNAL  AS  A FUNCTION  OF  FLUENCF. ; 


Figure  20.  PHOTOELECTRON  BEAM  SIGNAL 


LIME  19,  COL.  66 


SPONSE  TO  VISIBLE  LIOI 


mately  17.6  electrons/pixel-frame. 

Figure  24,  25  and  26  are,  respectively,  the 
leakage  current,  photoelectron  signal,  and  visible  light  sig- 
nal plotted  as  a function  of  electron  fluence  per  pixel.  The 
six  panels  are  presented  in  the  same  order  on  the  three  fig- 
ures with  the  pixel  receiving  the  lowest  electron  beam  flux 
at  the  top  and  with  the  increasing  fluxes  on  successively  lower 
graphs . 

The  leakage  current  before  damage,  and  the 
rate  of  electron  damage,  are  reduced  at  this  reduced  temperature 
as  expected.  Pixel  lifetime  is  not  correspondingly  increased, 
however.  The  response  to  photoelectrons  ceased  at  fluences  of 
about  10^  electrons.  Individual  pixel  behavior  varied  consider- 
ably and  this  variance  was  much  more  pronounced  than  at  higher 
temperatures . 

To  demonstrate  the  reality  of  these  effects. 
Figure  27  shows  the  visual  light  signal  from  sequential  pixels 
across  one  line  passing  through  the  electron  spot  as  a function 
of  time.  The  constancy  of  the  light  source  with  time  is  shown 
by  the  steady  response  of  the  pixels  on  either  side  of  the 
electron  spot;  the  bizarre  behavior  of  the  pixels  in  the  spot 
is  thus  considered  to  be  real. 

In  a like  manner.  Figure  28  is  a plot  of  the 
photoelectron  signal  as  a function  of  time  for  the  six  panels 
in  the  spot  center.  The  lack  of  correlation  among  the  curves 
indicates  that  the  UV  lamp  intensity  did  not  change  abruptly. 
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Figure  23.  Electron  Beam  Spot  Contour 
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ELECTRONS/ PIXEL 


PHOTOELECTRON  REAM  SIGNAL  AS  A FUNCTION  OF  FI.UF.NCE 

18  keV,  0°C 


LINE  50,  COL.  71 
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The  electron  spot  raav  have  moved  on  the  array,  but  the  apparent 
reality  of  the  variations  in  visible  light  responsivity  implies 
that  these  electron  responsivity  curves  also  reflect  actual 
changes  occurring  in  the  CCD  array. 

2.3.4  Collateral  Damage 

Visual  monitoring  of  the  leakage  current  damage 
pattern  during  the  electron  bombardment  showed  that  damage  occurs 
first  in  the  vicinity  of  the  electron  spot,  then  spreads  verti- 
cally. To  study  this  pheomenon  an  array  of  pixels  5 columns 
wide  and  20  columns  high  was  recorded  during  the  18  kV  (25°C) 
test  run. 

For  convenience  the  18  kV  spot  diagram  is 
repeated  in  Figure  29.  The  peak  flux  of  1290  electrons/pixel- 
second  is  on  line  19,  column  66. 

On  a monitor  oscilloscope  showing  visually 
the  leakage  current  pattern,  the  leakage  is  seen  to  increase 
over  the  entire  column  containing  the  damage  spot.  If  this 
was  caused  by  damage  to  the  column  shift  register  in  the  loca- 
tion of  the  spot,  it  would  affect  the  data  from  the  "upstream" 
pixels  which  must  pass  through  the  damage  but  should  not  affect 
the  data  from  pixels  "downstream"  in  the  register.  The  leakage 
increase  was  seen  to  spread  in  both  directions  from  the  damage 
spot,  indicating  that  the  damage  was  not  occurring  in  this  shift 
register. 
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3.0  SURVEY  OF  OTHER  CCD  DAMAGE  DATA 


LINE 


Figures  30  through  33  show  the  leakage  current 


for  each  pixel  down  the  column  for  columns  65  through  68,  respec 


The  four  sets  of  data  in 


time  at  which  the  dose  on  the  highest  flux  pixel  (line  19 


column  66)  was  4.0  x 10 


electrons.  The  leakage  current  increase  in  the  damage  spot  is 


obvious;  the  increase  above  (in  the  column)  and  below  the  damage 


spot  is  small  but  real.  Away  from  the  spot  center  the  leakage 
increased  from  typically  8%  of  saturation  to  10%  of  saturation 


olumn  67  (Figure  32)  is  anomalous  in  that  it  does  not  correspond 


to  a region  of  high  electron  flux.  To  determine  if  the  electron 


spot  moved  during  the  test.  Figure  34  shows  a sequence  of  the 


recorded  photoelectron  signals  for  each  pixel  in  3 x 10  array 


19,  column  66  at  t=o  minutes  and  a very  low  flux  is  seen  at  line 


16,  column  67.  Although  the  pixel  at  the  center  of  the  spot 


that  location.  At  several  times 


t=9  min.,  line  17,  column 


67)  a high  electron  signal  is  seen  which  does  not  correspond  to 


the  nominal  spot  contour.  This  appears  to  be  anomalous  pixel 


behavior  since  it  is  not  clear  how  the  electron  flux  could 


achieve  the  contour  shown  by  the  signal 


Figure  35  is  the  responsivitv  to  visual  liaht 
determined,  as  in  the  bombardment  damage  data,  by  flooding  the 


array  with  uniform  illumination  from  a tungsten  filament.  The 


graph  is  the  same  format  as  Figure  31,  showing  the  visual  light 


4 


/ci  \ 


This  is 


signal  for  each  pixel  in  column  66  for  the  same  four  points  in 
time  as  were  used  in  Figure  31. 

In  the  region  indicated  by  the  electron  spot, 
typical  electron  damage  occurred.  The  leakage  currents  for 
pixels  not  within  the  electron  spot  but  in  the  same  columns  as 
irradiated  pixels  (both  above  and  below  the  irradiated  pixels) 
increased  slightly.  No  significant  effects  were  apparent  for 
pixels  in  other  columns.  The  responsivitv  of  pixels  within 
the  spot  decreased  as  expected;  however,  no  significant  change 
in  responsivity  was  observed  for  pixels  outside  of  the  spot, 
even  in  columns  which  intersected  the  spot. 

2 . 4 Thermal  Annealing  of  Electron  Damaged  CCD 

Thermal  annealing  was  attempted  on  the  CCD202  unit 
after  electron  damage.  Recovery  (reduction  of  the  leakage  cur- 
rent) on  the  electron-damaged  pixels  was  partial;  recovery  of 
a corona  discharge-damaged  region  was  nearly  complete.  The 
data  are  presented  in  Figure  36. 

The  array  was  subjected  to  a total  of  one  hour  at 
200°C  and  four  hours  at  300°C  in  a vacuum.  There  was  no  observ- 
able change  in  leakage  current  or  responsivity  of  the  array 
after  one  hour  at  200°C.  The  data  presented  here  are  the  ini- 
tial condition  and  following  (a)  1 hours  at  200°C  and  2 hours  at 
300°C,  and  (b)  1 hour  at  20 0°C  and  4 hours  at  300°C. 

The  video  line  signal  plots  show  the  dark  current  of 
each  pixel  (excepting  line-end  pixels)  for  line  54.  This  line 
passes  through  the  region  of  peak  electron-induced  damage.  The 
zero  level,  pixel  dark  signal,  and  saturation  level  are  shown 
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Figure  36.  LEAKAGE  CURRENT  LINE  54  EFFECT  OF  THERMAL  ANNEALINf 


on  each  graph.  The  abscissa  is  the  pixel  (column)  number  and 
the  ordinate  is  the  amplitude  of  the  dark  current  signal  in 
arbitrary  units. 

Five  pixels  in  line  54  are  chosen  for  analysis 

Column  12:  undamaged  area 

Column  27:  electron  damaged  area  (used  for  damage  tests) 

Column  32:  electron  damaged  "dead"  area  (used  for  damage 
tests ) 

Column  52:  undamaged  area 

Column  91:  corona  damaged  area  (accidentally  damaged  by 
glow  discharge  in  vacuum  system) 

The  location  of  these  pixels  are  marked  on  Figure  36  for 
convenience . 

As  seen  by  comparison  of  the  curves,  the  leakage  current 
signals  of  the  electron  damaged  regions  were  reduced  by  annealing 
but  not  to  the  levels  of  the  adjacent  undamaged  regions.  The 
dark  signal  of  the  corona-damaged  region  was  reduced  dramatically. 

In  addition,  upon  annealing  the  responsivitv  to  visible 
light  generally  decreased,  with  the  exception  of  the  "dead"  region 
which  increased  slightly.  The  "dead"  region  showed  some  responsi- 
vity  to  light  even  before  annealing  began. 

The  CCD202  was  operated  for  these  tests  at  clock  volt- 
ages different  from  those  in  use  at  the  end  of  the  tests  during 
which  the  electron  damage  occurred.  This  was  required  because 
the  CCD202  will  not  now  operate  properly  at  those  damage  test 
voltages.  In  addition,  before  annealing  and  at  the  present  volt- 
ages, the  electron  damaged  region  appeared  reduced  from  its  dark 
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signal  level  at  the  completion  of  the  damage  tests;  the  reason 
for  this  is  not  known,  but  may  be  due  to  some  slight  annealing 
at  room  temperature. 

Annealing  at  higher  temperatures  was  not  attempted  as 
the  array  was  damaged  during  the  last  thermal  cycle.  This  caused 
higher  than  normal  heat  dissipation  in  the  array  during  operation 
and  made  intercomparison  of  the  leakage  current  measurements 
difficult . 

Annealing  of  an  electron-damaged  array  by  the  use  of 
intense  ultraviolet  light  and  by  low  energy  electrons  was  also 
attempted  on  the  electron-damaged  array,  but  with  no  success.  A 
description  of  these  tests  follows. 

With  the  accelerating  voltage  and  all  array  voltages 
turned  off,  the  array  was  exposed  to  intense  ultraviolet  light 
from  a 100  watt  mercury  arc  lamp  for  periods  of  10  and  15  minutes. 
No  change  was  seen  in  the  leakage  current. 

Using  the  low  power  mercury  discharge  lamp  and  the 
microprojector,  the  array  (with  no  operating  voltages  applied) 
was  subjected  to  10  keV  photoelectrons  for  185  seconds.  At  turn- 
on (after  irradiation)  the  array  appeared  to  be  dead,  but  it 
slowly  recovered  sensitivity  after  about  five  minutes.  No 
improvement  in  the  leakage  current  was  seen.  The  test  was 
repeated  at  8 kV  with  similar  effect  and  results.  A third 
repetition  (10  kV)  in  which  the  array  was  left  off  overnight 
before  checking  also  gave  no  positive  results. 

Lastly,  the  energy  of  the  photoelectrons  was  scanned 
from  18  keV  to  2 keV  in  2 keV  increments  with  15  seconds  dwell 
at  each  level  (array  off) . Again,  no  improvement  resulted. 


With  the  exception  of  some  positive  results  in  the 
initial  thermal-vacuum  attempts,  no  annealing  of  the  electron 
beam  induced  leakage  current  was  observed.  Annealing  proce- 
dures involving  higher  temperatures  or  longer  times  might  prove 
to  be  effective  but  were  not  attempted  in  this  program.  Even 
if  successful,  such  procedures  would  not  be  practical  for  ex- 
tending the  lifetime  of  an  ICCD  tube. 


3.0  SURVEY  OF  OTHER  CCD  DAMAGE  DATA 


3 . 1 Introduction 

The  feasibility  of  detecting  low-level  light  signals 
using  an  electron  bombarded  charge  coupled  device  (ICCD)  has 
drastically  increased  detector  sensitivity  for  UV  and  visible 
photometry.  However,  the  electron  bombardment  of  CCDs  limits 
detector  lifetime  because  of  electron  damage  to  the  CCD  array. 

The  effects  of  space  and  nuclear  radiation  on  metal- 
oxide-semiconductor  configuration  type  electronic/cptical  devices 
has  been  extensively  studied  and  documented  (2)  since  the  mid- 
1960s.  The  effect  of  ionizing  radiation  causes  buildup 
of  charges  in  the  oxide  layer,  and  increases  the  density  of 
states  at  the  oxide-silicon  interface.  These  mechanisms  adversely 
affect  the  operation  of  MOS-tvpe  electronic/optical  devices  includ 
ing  ICCDs.  In  the  space  and  nuclear  radiation  environment,  harden 
ing  technology  has  been  developed  which  permits  hardness  levels 
of  107  rads  (Si)  in  contrast  to  the  10^  rads  (Si)  levels  for 
unhardened  devices . 

The  radiation  damage  mechanisms  for  operating  ICCDs 
are  identical  to  damage  mechanisms  produced  by  space  and 
nuclear  weapon  radiation  environments.  The  only  difference  is 
that  the  radiation  environments  are  different  in  particle  type, 
energy,  dose,  and  dose  rate.  However,  if  the  mechanisms  are 
understood  there  should  be  no  problem  in  interpolating  from  one 
radiation  environment  to  another. 
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3 . 2 Basic  Mechanisms 

One  of  the  earliest  basic  studies  of  low  energy 
electron  damage  to  MOS  devices  was  the  work  of  Simons.  ' 

From  this  work  it  can  be  concluded  that: 

1.  There  is  charge  buildup  in  the  oxide  layers  of  MOS 
samples . 

2.  This  charge  buildup  is  a function  of  the  beam  energy 
dissipated  in  the  oxide  in  the  vicinity  of  the  oxide- 
silicon  interface. 

3.  Charge  buildup  is  a function  of  electron  energy  due 
to  range-energy  relationships. 

4.  This  charge  buildup  can  be  thermally  annealed  at  300°C 
for  5 to  10  minutes. 

Subsequent  work  has  shown  that  MOS  device  operation 
is  degraded  by  radiation  due  to  this  charge  buildup. 

3.3  Front  Surface  Illumination 


Front  surface  illuminated  CCDs  have  been  evaluated 


for  radiation  effects  by  at  least  three  groups.  The  work  of 
Currie  (U.  of  Md.)/^  Ginaven  and  Choisser  (EVC)  and 
Cheng  (LLL)  ^ studied  the  electron  damage  to  Fairchild  CCD201, 
202  and  211  arrays.  These  studies  produce  similar  and,  at  times, 
confusing  data.  However,  the  data  generally  show  an  increase 
in  dark  current  and  decreases  in  responsivities  as  a function 
of  6 and  15  kV  electron  fluence.  At  fluence  levels  of  106  to 
107  electrons/pixel,  the  pixels  died  (responsitivity  went  to 
zero):  with  a pixel  area  of  5.4  x 10-6  cm^  the  electron  fluence 
at  each  pixel  at  death  is  about  2 x 10  electrons/cm4, 
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4 

corresponding  to  a dose  of  about  5 x 10  rads  (Si) . This  is 
in  agreement  with  radiation  damage  basic  mechanisms  studies,  ^ 

4 

in  which  unhardened  oxides  fail  at  about  10  rads  (Si) . 

From  the  front  side  measurements,  it  appears  that  for 

typical  operating  conditions  the  life  of  front  side  illuminated 

CCDs  would  be  only  tens  of  hours,  as  will  be  shown  in  Section 

(5) 

4.0.  If  present  day  hardening  technology  is  applied  to 
the  CCDs,  it  should  be  possible  to  obtain  a factor  of  10-100  in- 
crease in  lifetime  which  would  correspond  to  operating  life- 
times of  the  order  of  100  to  1000  hours. 

3 . 4 Back  Side  Illumination 

Since  the  effect  of  electron  irradiation  on  a CCD 
depends  on  the  dose  deposited  in  the  oxide  layer,  it  appears 
that  back  side  illumination  of  the  CCD,  where  the  dose  is 

deposited  in  the  substrate  before  reaching  the  semiconductor- 

(7) 

oxide  interface,  will  provide  radiation  hardening.  Borsak 
electron  irradiated  thinned  back  side  illuminated  CCDs  from 
Texas  Instruments  at  8 kV  and  20  kV.  Their  results  showed  that 
upon  irradiation  the  dark  current  increased  slightly  while  the 
responsivity  decreased  and  eventually  went  to  zero.  Pixel  death 
occurred  at  approximately  3 x 1010  electrons/pixel.  This  is  a 

4 

factor  of  about  10  higher  than  front  side  illuminated  ICCDs. 

Similarly,  Cheng  (LLL)  ^ irradiated  thinned  back  side 
illuminated  RCA  CCDs  at  6 kV  and  did  not  see  any  changes  in  the 
dark  current  or  responsivity  for  the  length  of  their  irradiation. 
Cheng  feels  that  thinned  back  irradiated  CCDs  provide  at  least 
a factor  of  10 3 hardening  over  front  irradiated  CCDs.  Caldwell 
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and  Boyle  (NVL)  ^ mentioned  no  degradation  of  their  thinned 

back  side  illuminated  CCD  from  Texas  Instruments  in  a set  of 

(9) 

experiments.  General  Electric  in  using  thinned  back  illu- 
minated CIDs  reported  no  electron  damage  during  the  course  of 
their  experiments. 

It  appears  clear  that  thinned  back  side  illuminated 
CCDs  provide  hardening  to  electron  irradiation  damage  compared 
with  front  side  illuminated  CCDs. 

With  a minimal  hardening  factor  of  10^  in  using 
thinned  back  side  illuminated  CCDs  instead  of  front  side  illu- 
minated CCDs,  the  operating  lifetime  of  an  ICCD  can  be  extended 

4 

to  the  order  of  10  hours.  Furthermore,  if  hardened  oxides 
with  back  side  illuminated  CCDs  are  used,  the  lifetime  could  be 
extended  to  the  order  of  10^  hours. 
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4.0  LIFETIME  ASSESSMENT  AND  CONCLUSIONS 


The  primary  objective  of  this  study  has  been  the  investi- 
gation of  possible  methods  of  extending  the  lifetime  of  front 
irradiated  (Fairchild  CCD202)  intensified  charge-coupled  device 
detectors  for  space  applications . 

Measurements  of  pixel  dark  current,  electron  sensitivity, 
and  light  sensitivity  have  been  made  as  a function  of  electron 
fluence  at  electron  energies  of  13  keV  and  15  keV  with  the  array 
at  room  temperature  and  at  18  keV  with  the  array  at  0°C.  Severe 
increases  in  dark  current  and  reduction  in  electron  sensitivity 
were  observed  at  electron  fluences  between  10^  and  107  electrons 
per  pixel.  In  addition  to  damage  within  the  electron  spot, 
vertical  streaking  occurred  at  very  high  electron  fluences. 

In  an  effort  to  extend  the  lifetime  of  front  irradiated 
ICCDs,  parameter  studies  of  the  effects  of  electron  energy,  temp- 
erature of  operation  of  the  ICCD,  clock  voltage,  pixel-to-pixel 
variations,  and  thermal  and  radiation  annealing  were  performed. 

Even  though  there  were  slight  trends  in  the  amount  of  damage 
as  a function  of  electron  energy  (15  keV  vs.  18  keV) , temperature 
of  ICCD  (25°C  vs.  0°C)  and  clock  voltages,  the  improvements  were 
insignificant  in  extending  the  lifetime  of  the  front  irradiated 
ICCD.  In  a similar  manner,  thermal  (up  to  3 00°C)  and  ionization 
annealing  showed  little  promise  for  extending  lifetime. 

In  order  to  estimate  the  useful  lifetime  of  an  ICCD,  a 
total  integrated  count  of  10^  photoelectrons  per  pixel  was 
assumed.  The  average  count  rate  (photoelectrons  per  pixel  per 
second)  was  estimated  as  follows. 


4-1 


Dur  i nq  norma  1 opi'i  .it  ion 


• in  KVO  wouKi  roooivo 


s 1 ana  1 s 


t row  sever. i 1 source-:.  With  .uioqu.it e protection  auninst 
viowina  ht  iaht  objects  (such  as  the  sun  and  noon)  the  most 


1 npor 

t.nnt 

some 

os  o 

t 1 i. 

iht 

are  t he 

/Oil  i ac 

al  Li. 

ah  t 

.iihI  into 

a 

rat  ed 

s ta  r 1 

iaht  . 

The  . 

:od  i ac 

al  1 

iaht 

i s 

a hr iaht 

sky  b 

acka  r> 

ound 

produce 

d 

by 

sun  l i 

Oht  ; 

ica t t e 

r i na 

o t t 

o I 

dust  pat 

t i o 1 cs 

Till 

o bi 

iaht ness 

( 

at 

the  .• 

Oil  i ,n 

■a  1 1 i 

ah  t 

as  a 

t un 

ot  i on  o f 

so  1 a r 

o 1 on> 

Kit  i 

on  ana  1 e 

and 

( i in 

oo  1 i p 

tie 

lat  i l u 

, 1 . * 

• ' f 

. 1 S ‘ 1 

\ VOM 

by  \lle 

n , 

\v* . 1 S ' 

used 

to  ca  1 e 

u 

1 .1  t o 

the  a 

Olltl  t 

rate 

ot  p 

he  t oi 

' l ee 

t rons  pc 

I pi  xo 

1 pot* 

soo 

ond.  Th 

l : 

S 

count  rate  is  shown  in  Fiaure  ior  eeli.pt  ic  lat  i tudos  of  i)° 
and  10*’.  In  the  plane  ol  the  ecliptic,  the  zodiacal  light  is 
a strona  lunation  ot  solar  angle,  prnduc  i no  a count  rate  .it 
about  .1000  pho toe  lect rons  per  second  per  pi  xel  at  about  10  decrees 
from  the  sun.  This  calculation  was  periormeii  tor  an  I CCD  eon- 
tainiini  a Farichild  CCD202  array  and  a d-.lO  photoea t hode  at  the 
local  piano  tit  a ’a  nun  local  length  telescope  with  a 4.62  cm" 
col lect  ing  aperture. 

The  average  pixel  count  rate  due  to  integrated  starliaht, 

(10) 

.main  calculated  usina  data  compiled  by  Allen,  vs  shown  m 

Figure  J6.  This  count  rate  is  sign.it  leant  only  near  the  aalaet  ic 
plane  where  it  reaches  a value  ot  about  2 1 pho toe  lee  irons  per 
second  per  pixel . 

The  exact  value  ot  the  pixel  count  rate  will  depend  on  the 
solar  anale,  ecliptic  latitude  and  a a 1 actio  latitude  ot  the  area 
ot  sky  viewed  by  the  detector.  Estimates  ot  the  averaae  count 
rate  may  be  made  from  the  zodiacal  liaht  and  intearated  starlight 
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intensities,  noting  that  it  is  unlikely  that  the  sensor  field  of 
view  will  be  in  both  the  ecliptic  plane  and  the  galactic  plane. 
From  Figures  37  and  38,  it  is  apparent  that  over  most  of  the  sky 
the  pixel  count  rate  should  be  below  30  photoelectrons  per 
second  which  corresponds  to  a detector  lifetime  (10^  electrons) 
of  approximately  10  hours.  However,  operating  in  the  plane  of 
the  ecliptic  at  solar  angles  of  less  than  60  deqrees  would  signi- 
ficantly shorten  the  detector  lifetime.  For  example,  a lifetime 
of  about  one  hour  would  be  expected  at  a solar  angle  of  20  de- 
grees (in  the  plane  of  the  ecliptic). 

The  detector  lifetime  would  be  reduced  even  more  drastically 
by  exposure  to  bright  objects  such  as  the  sun,  moon  and  earth. 
Obviously,  any  very  sensitive  detector  would  have  to  be  protected 
against  such  exposures. 

From  the  present  study,  the  only  technique  that  could  signi- 
ficantly extend  the  lifetime  of  the  present  version  of  the  front- 
illuminated  Fairchild  CCD202  appears  to  be  to  sequentially  utilize 
different  areas  of  the  CCD  as  the  array  is  damaged.  This  is 
possible  because  no  significant  horizontal  blooming  of  the 
damaged  region  was  observed.  Possibly  the  use  of  a rectanqular 
aperture  in  the  optical  system  could  protect  unused  portions  of 
the  array  for  later  use.  This  aperture  could  then  be  shifted  to 
a fresh  area  when  leakage  currents  began  to  exceed  a predetermined 
value.  By  using  different  groups  of  columns  the  lifetime  could 
be  extended  by  possibly  a factor  of  ten  for  normal  operation. 

Also,  it  would  preclude  the  detector  being  blinded  by  a sinale 
overexposure,  except  when  the  last  good  segment  is  in  operation. 


The  use  of  radiation  hardening  techniques  in  the  fabrica- 
tion of  the  array  may  be  able  to  extend  the  lifetime  of  a front- 
illuminated  CCD  by  a factor  of  100.  While  this  effect  is  insuf- 
ficient by  itself  to  produce  an  adequate  lifetime,  used  in  con- 
junction with  other  techniques  (such  as  segmenting  the  array  or 
backside-illumination)  it  might  provide  an  added  safety  margin. 

The  technique  that  shows  the  most  promise  for  significantly 
extending  the  CCD  lifetime  is  the  use  of  thinned  rear-illuminated 
CCDs.  While  the  availability  of  such  arrays  continues  to  be  a 
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